Abstract. 30-years time series of AOU and phosphate in the Oyashio sub-surface domain showed an increasing trend superimposed on bidecadal oscillation. AOU and phosphate trend on isopycnals between 26.7 and 27.2 σ θ increased by an average of 0.005±0.003 and 0.9±0.5 µmol/kg/y, respectively. Salinity on these isopycnals also showed an average linear increase of 0.0008 psu/y. Salinity and density of winter mixed layer in Oyashio, on the other hand, was found to have decreased during the observation period. Observed bidecadal oscillation (average period 20±1 y) in subsurface AOU negatively correlated with that of North Pacific Index (r=-0.88±0.06). As the cause of the linear increase of subsurface phosphate and AOU, we speculated that vertical water exchange in the upper layers of the subarctic North Pacific might have been diminished during this period. A decreasing trend of salinity and density of winter mixed layer in Oyashio observed during the same period supported this speculation.
Introduction
Several studies have detected the gradual increase of seasurface temperature and decrease of mixed-layer nutrient concentrations during the last several decades both in the eastern (Freeland et al., 1997) and western (Ding and Saino, 1999) subarctic North Pacific. Depth of winter mixed layer also has decreased in recent decades in the wide area of subarctic North Pacific (Polovina et al., 1995; Freeland et al., 1997) . These mixed layer signals indicate climatic variability of the upper-layer circulation in the subarctic North Pacific. However, the main cause of these changes is still unclear. Moreover, it is not known as yet whether these changes are related to the climate shifts observed both in 1975 and 1988 (e.g., Polovina et al., 1995 or are a linear trend independent of the well-known decadal oscillations in the North Pacific (Ding and Saino, 1999) . One possibility to address this issue is to investigate temporal variability in the water properties in the ocean interior, because change in these properties provide us additional information about the climatic change of basin-scale water circulation (e.g., Matear et al., 2000) .
Here we report time series of chemical water properties (apparent oxygen utilization (AOU) and phosphate concentration) in the water masses below winter mixed layer in the Oyashio region, in conjunction with several physical water properties. We observed a linear increasing trend over 30 years superimposed on a bidecadal oscillation. By coupling our results with the mixed layer time series presented by previous works, we made some augments about the cause of the temporal changes taking place in the subarctic North Pacific.
Data and method
R/V Kofu-Maru of the Hakodate Marine Observatory / Japan Meteorological Agency have conducted hydrographic observations 4-5 times a year in the Oyashio region from 1968 to present (Map of stations shown in Fig.1 ). In this study, winter (January) data of the historical Kofu-Maru data set were analyzed. Only stations at which 100 m-water temperature was below 5 0 C were used as representatives of the Oyashio domain (Kawai, 1972) . Stations within 50 km of the Japan coast were excluded beforehand to avoid the interfuse of Coastal Oyashio Water signals (e.g., Ono and Sasaki, 1999) . In each year, 3-12 stations were selected by this criteria. Data of each property (water temperature, salinity, AOU, and phosphate) were linearly interpolated and averaged on 10 m isobath and five isopycnals from 26.70 to 27.20 σ θ , respectively, to obtain the 'averageOyashio profile' for each year. Maximum density of the winter mixed layer is about 26.55 in the wide area of western subarctic North Pacific (Levitus and Boyer, 1994) , and the isopycnals listed here is well below the mixed layer bottom. Time series of each property on the isobath and/or each isopycnals was then examined for its temporal variations. Besides of these analyses, mixed layer depth (defined as the depth where density difference between sea surface exceed 0.125 σ θ ; Levitus and Boyer, 1994) was also calculated for each station and then averaged in each year.
Sampling and measurement methods of dissolved oxygen and phosphate had been made basically following the standard methods of Carpenter (1965) and Murphy and Riley (1961) , respectively, and were essentially same throughout the observation period. The standard materials of both DO and nutrients were prepared every several months, and tracability of each standard had been checked in the laboratory all through the year. In addition, the CSK nutrient standards had been measured together with the self-prepared primary standards after 1975 and used as a reference material. Based on the year-to-year variation observed in the deep-water time series of this data set (below 27.5 σ θ isopycnals), offset between each cruise had been estimated withiñ 0.1 µmol/kg and ~5 µmol/kg for phosphate and AOU, respectively, for entire data set.
Results
In the average-Oyashio data set, linear increasing trend of 0.005±0.003 µmol/kg/y and 0.9±0.5 µmol/kg/y was observed for phosphate and AOU, respectively, on all isopycnals from 26.7 to 27.2 σ θ ( Fig. 2a and 2b ). In addition, the AOU time series showed a clear bidecadal oscillation (amplitude = 13 µmol/kg and cycle = 20 y in average), superimposed on the linear increase (Fig.  2b ). Its positive phase existed from 1975 to 1985 and after 1995 in all isopycnals, and this shows a negative correlation against the 10-30-year band-pass filtered time series of the North Pacific Index (NPI) shown by Minobe (1999) with the correlation coefficient of -0.88±0.06. Similar oscillation signal could also be observed in the phosphate time series on each isopycnals (Fig. 2a) , although relatively large offset in the phosphate made the signals statistically insignificant.
Salinity time series of average-Oyashio data set showed a slight increasing trend (0.0006±0.0004 psu/y in average) for the isopycnals between 26.7 and 27.2 σ θ (Fig. 3a) . Corresponding warming trend on each isopycnals was 0.007±0.004 0 C/y in average (data not shown). No bidecadal oscillation signal was detectable either the salinity or temperature data. Despite of changes in T-S property, depth of each isopycnals showed little shoaling trend (-0.5 m/y in average, data not shown).
Temporal decrease of 10-m salinity (i.e., winter mixed layer salinity) and 10-m density was -0.003 psu/y and -0.004 σ θ /y, respectively (Fig. 3b ). Mixed layer depth had shoaled at the rate of -0.3±0.6 m/y (Fig. 3b) in the meanwhile. This rate of surface salinity decrease was roughly the same as that observed in the Alaskan Gyre (-0.0043 psu/y, Freeland et al., 1997) , while the rate of mixed layer depth shoaling was about a half of Alaskan Gyre case (-0.63 m/y, Freeland et al., 1997) .
Discussions
Recently, Watanabe et al. (2001) compared AOU distribution along the WHP-P1 transect (c.a. along 47 0 N) observed in 1999 to those in 1985, and found that the AOU values were increasing from every isopycnals shallower than 27.4 σ θ at all longitudes. This finding is consistent with the present study, implying that the multi-decadal increase of AOU and phosphate we observed might had been common in the wide area of subarctic North Pacific subsurface.
In addition, our 1-year resolution data set demonstrates that two independent temporal variations existed in the subsurface nutrient and/or AOU time series; i.e., linear increase trend and bidecadal oscillation. This finding indicates that the linear increase of subsurface nutrients (and AOU) may not be caused by the oceanic bidecadal oscillation (e.g., Minobe, 1997; White and Cayan, 1998) , but correspondent to the longerterm processes such as pentadecadal oscillation (e.g., Minobe, 2000) or anthropogenic warming (e.g., Matear et al., 2001 ). This trend of nutrients and AOU can be observed at leased down to the 27.2 σ θ density surface, or about 600 m in depth in the Oyashio domain (e.g., Levitus and Boyer, 1994) . Sugimoto and Tadokoro (1997) showed that the chlorophyll concentration in the Oyashio domain was rather constant from the 1970s to present. In addition, Watanabe et al. (2001) found that the residence time of subsurface water estimated from CFCs distributions had been increased after 1980s. They also found that the increase of AOU was consistent with the increase of water residence time, if we assume a climatological value of export production in the subarctic North Pacific. These findings suggest that the main cause of subsurface nutrient (and AOU) increase was the change in the water circulation itself rather than the change in the biological processes.
Slight increases in the subsurface water temperature and salinity (Fig. 3a) suggests us the following four possibilities: 1) Enhanced lateral water exchange between subtropical and subarctic gyres. 2) Diminished lateral water exchanges between subarctic gyre and the Okhotsk Sea. 3) Diminished vertical mixing between the winter mixed layer and the upper pycnocline. The possibility 1) can not increase nutrient concentrations below the 26.9 σ θ isopycnals, because nutrient concentrations are higher in the subarctic area than in the subtropical area below this density surface (e.g., Levitus and Boyer, 1994) . The possibility 2) can potentially increase AOU in the Oyashio subsurface, because both salinity and AOU is lower in the Okhotsk Sea than open subarctic Pacific by 0.12 psu and 11 µmol/kg in average, respectively, between the density range of 26.7 and 27.4 σ θ (Levitus and Boyer, 1994) . Annual water exchange between the Okhotsk Sea and the open subarctic Pacific is estimated as 9.1 x 10 13 m 3 /y between the isopycnals of 26.8 and 27.4 σ θ (Wong et al., 1998) . This value is about 3 % of the water volume of this density range in the Western Subarctic North Pacific Gyre (Levitus and Boyer, 1994) , in which Oyashio area is included. Lateral water exchange with the Okhotsk Sea, therefore, decreased subsurface salinity and AOU values of this gyre by 0.004 psu and 0.4 µmol/kg, respectively. To explain linear salinity increase observed at Oyashio subsurface (0.0008 psu/y; see Fig. 3a) , therefore, we must assume that the water exchange between the Okhotsk Sea and subarctic North Pacific had been decreased by ~15% after 1968. If this is true, corresponding AOU increase becomes 0.06 µmol/kg/y. This value is far smaller than the observed AOU increase (0.9 µmol/kg/y, see Fig.  2b) .
We, therefore, have to seek the cause to the possibility 3); i.e., change in the vertical mixing process in the subarctic pacific. To assess the probability of this possibility 3), we made following test calculation. a) Density gradient between mixed layer bottom and 26.7 σ θ isopycnals was 0.2 σ θ /m at 1998. Annual decrease of mixed layer density (-0.004 σ θ /y) thus roughly corresponds to 5 % increase of density gradient between these two, as changes of mixed layer depth and 26.7 σ θ isopycnal depth is relatively small.
2) Averaged gradient of phosphate concentration between 26.7 σ θ isopycnals (depth = 190m and PO 4 = 2.45 µmol/kg at 1998) and mixed layer bottom (depth = 150 m and PO 4 = 1.75 µmol/kg at 1998; Ono and Sasaki, 1999) was 0.175 µmol/kg/m. If we assume that averaged vertical eddy diffusivity between mixed layer bottom and 26.7 σ θ isopycnals was such that 1 x 10 -4 m 2 /s (e.g., Gill, 1982) , diffusive flux of phosphate from pycnocline to mixed layer can be estimated as 0.175 x 1.0267 x (1 x 10 -4 x 3600 x 24 x 365) = 55.2 mmol/m 2 /y. c) Annual increase of phosphate inventory between 26.7 and 27.2 isopycnals was estimated as 2.3 mmol/m 2 /y from the data. If we assume that this inventory increase corresponds to the decrease of phosphate diffusive flux from pycnocline to mixed layer (i.e., influx of phosphate from deep waters to pycnocline is constant), annual decrease of phosphate outflux from the pycnocline becomes ~4 % from b).
Rate of phosphate-diffusive-flux decrease was thus roughly the same order as that of density-gradient increase. If we assume that vertical eddy diffusivity is inversely proportional to the vertical density gradient, therefore, we can explain observed subsurface phosphate increase in relation to the observed increase of density gradient as an order-estimation. We, however, should need more detailed assessment to conclude the possibility 3) is real case. Diffusive flux must be calculated based on the vertical eddy diffusivity and phosphate gradient just below the mixed layer rather than the average value. In addition, change in the other processes such as Ekman pumping should be considered for more reliable assessment. Even though, our test calculation implies us that the possibility 3) has some possibility to explain observed subsurface multi-decadal signals.
Concluding Remarks
The 30-years time series of Oyashio subsurface provides several multi-decadal information for investigating climate variability in the North Pacific. Observed AOU variability was negatively correlated with NPI but an increasing trend in AOU and phosphate was also detected. Based on the T-S information obtained by our analysis and CFC information obtained by Watanabe et al. (2001) , we speculated that the most probable cause of this linear trend is reduced vertical water exchange between mixed layer and pycnocline waters in the subarctic North Pacific.
Unfortunately, however, the mechanism of reduced vertical water exchange itself remained unknown. Additional data are still needed to get a complete perspective of this long-term change. Especially, analyses in conjunction with atmospheric climate parameters including model studies will be of particular importance. about 260m, violet circles) , 26.9 σ θ (about 340m, blue diamonds), 27.0 σ θ (about 420m, brown plus), and 27.2 σ θ (about 630m, red Xs), respectively. Linear regression line for each isopycnals is also shown by dash-dotted line, and regression equations are as follows: Phosphate =0.007±0.003y -12.6 (SD=0.13 µmol/kg, 26.7 σ θ ), =0.005±0.003y -7.9 (SD=0.13 µmol/kg, 26.8 σ θ ), =0.005±0.003y -7.8 (SD=0.12 µmol/kg, 26.9 σ θ ), =0.005±0.003y -7.1 (SD=0.13 µmol/kg, 27.0 σ θ ), and =0.005±0.002y -6.8 (SD=0.11 µmol/kg, 27.2 σ θ ). Non-linear curve fitting was not made for phosphate because analytical errors (±0.1 µmol/kg) were as large as the residuals of linear regression (0.10-0.13 µmol/kg on each isopycnals). b) Same as a) but for AOU time series. Besides the linear regression line (dash-dotted lines), non-linear fitting curve for each isopycnals is also shown in this figure 
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